ABSTRACT: Ag 9 FeS 4.1 Te 1.9 was prepared by solid state synthesis from stoichiometric amounts of the elements at 873 K. The compound forms gray crystals which are stable against air and moisture. The crystal structure was determined by X-ray diffraction from selected single crystals. Ag 9 FeS 4.1 Te 1.9 crystallizes in the space group F4̅ 3m, a = 11.0415(7) Å, V = 1346.1(1) Å 3 , and Z = 4 (powder data at 293 K). The compound shows a reversible phase transition upon cooling to the space group P2 1 3, a = 11.0213(1) Å, V = 1338.75(2) Å 3 , and Z = 4 (single crystal data at 200 K). The title compound is the first example of an iron containing argyroditetype material with Fe 3+ located in tetrahedral sites. Silver atoms are disordered at room temperature which was taken into account by nonharmonic refinement of the silver positions. The refinement converged to R 1 = 3.51% and wR 2 = 10.66% for the room temperature measurement and to R 1 = 1.55% and wR 2 = 5.23% for the 200 K data set (all data). Impedance measurements were performed in the temperature range from 323 to 473 K. Ionic conductivity values are 1.81 × 10 −2 S cm −1 at 323 K and 1.41 × 10 −1 S cm −1 at 468 K. The activation energy is 0.19 eV from 323 to 423 K and 0.06 eV from 393 to 473 K. DTA measurements reveal congruent melting at 907 K. A phase transition temperature of 232 K with an enthalpy of 7.9 kJ/mol was determined by DSC measurements.
■ INTRODUCTION
The mineral Argyrodite Ag 8 GeS 6 was the first representative of a large family of compounds which is nowadays called argyrodites. They have been investigated for a long time because of their interesting physical and chemical properties. Among these, ionic conductivity is the most prominent one. It is associated with argyrodites of Li, 1,2 Ag, 3, 4 and Cu. 5, 6 A huge number of argyrodites is known to date due to a manifold of substitution possibilities on the different sites. Kuhs et al. generalized the formula of argyrodites and found several substituted representatives with mixed anion substructure. , and Ta 5+ are also established. 8−10 Argyrodites typically show a rich phase transition behavior. Superionic conductivity is a feature which is observed quite often, especially in the high temperature modification with space group F4̅ 3m. A part of the chalcogen atoms in the structure can be substituted by halide ions X (Cl − , Br − , I − ) in many cases. Typically, a quaternary argyrodite in the high-temperature modification is stabilized even at ambient temperature. Electroneutrality is achieved in this case by a decreasing content of the mobile species A. The high mobility of the monovalent cations often results in a pronounced disorder of the respective ions, and in the structure refinements short distances between partially occupied positions are observed. These short distances are physically meaningless. Strong correlations are usual when the crystal structures of such compounds are refined. Therefore many crystal structures were only poorly refined in the past. The application of the Gram-Charlier expansion 11 to atomic displacement parameters is state of the art to overcome such problems. It allows describing the electron density of the mobile species without introducing a huge number of parameters with strong correlations. In addition, it becomes possible to derive structure−property relations for the ion conducting materials based on significant displacement parameters. 12 A systematic analysis of the diffusions pathways and the conductivity of quaternary copper argyrodites was reported by Nilges. 5, 13 Silver argyrodites have been well investigated by Boucher et al., 3 Evain et al., 4 and Belin et al. 14 The first Li based argyrodites were recently discovered by Deiseroth et al. 1 These compounds show a very high ionic conductivity over a wide temperature range and are of a special interest for Li-ion batteries. These are important for electromotive applications because of the optimum ratio of mass and transported charge in the case of Li + . Li based argyrodites with phosphorus and arsenic 15 have been investigated in quite a bit of detail. Among them are the first oxygen containing examples. 16 Silver and copper containing argyrodites are interesting for special applications. This holds true especially for the silver compounds due to their low activation energies. Moreover, the structural concepts derived from the pretty stable Cu and Ag materials are transferable to Li argyrodites, which are quite sensitive to air and moisture. Herein, we report on the synthesis and characterization of Ag 9 , and Te (99.999%, chemPUR) in the ratio 9:1:4:2 in an evacuated quartz ampule. The starting materials were slowly heated to 1273 K, cooled down to ambient temperature, homogenized, and then annealed again in an evacuated quartz ampule for two weeks at 873 K. A gray reaction product was obtained. Since the subsequent characterization showed that a compound with the composition Ag 9 FeS 4.1 Te 1.9 is preferably formed, the same procedure was applied to reaction mixtures with the corresponding stoichiometric amounts of the elements. These samples were then used for further characterization. Samples for 57 Fe Mossbauer and molar susceptibility measurements were synthesized according to the formulas Ag 9 FeS 4 Te 2 and Ag 9 FeS 4.1 Te 1.9 for comparison. All steps of the procedure were carried out using nonmetallic items. Further treatment of the samples was done as already described.
Powder Diffraction. The diffraction pattern of Ag 9 FeS 4 Te 2 at ambient temperature was collected with a STOE STADI P diffractometer using Cu Kα 1 radiation and a germanium monochromator. All reflections could be indexed by Werner's algorithm. 27 A cubic F-centered cell with a = 11.044(1) Å was determined in a leastsquares refinement. Ag 9 FeS 4.1 Te 1.9 shows the same pattern, and the cell is also cubic F-centered with a = 11.0415(7) Å; see Figure 1 . The differences of the lattice constants are within three esd's. Powder diffraction data are provided as Supporting Information (Tables S11,  S12) Single Crystal Structure Determination. An appropriate piece of a selected single crystal was fixed to a glass capillary and then mounted on an Oxford Diffraction Gemini R Ultra single crystal diffractometer with CCD detector using a graphite monochromator and Mo Kα radiation. The crystal was first measured at 293 K. Since the DSC measurements show a phase transition (see below), the crystal was slowly cooled down to 200 K, held at this temperature for approximately one hour, and then measured again at this temperature. A subsequent X-ray measurement at room temperature revealed the initial cell. All these measurements were performed in one series on one single crystal without taking it off the diffractometer. The crystal , showing a first order phase transition at 232 K (onset temperature of the first cooling cycle). The enthalpy of the phase transition is 7.9 kJ/mol (calculated from the peak area of the cooling cycle). Data processing was carried out with the CrysAlisPro 28 software package. An analytical numerical absorption correction according to Clark and Reid 29 was applied in the Laue-class m3̅ for the measurement at 200 K (R int = 0.030) and in the Laue-class m3̅ m (R int = 0.029) for the RT measurements. The structures were solved by direct methods using Sir92 30 and then refined with SHELX-97. 31 In the last stage of the refinement a huge number of so-called split positions with rather low occupation factors had to be taken into account for the silver atoms. Nonharmonic refinements 11 using the Gram-Charlier expansion were then performed with the JANA2006 32 program package. Thus, it is possible to reduce the number of free variables and to reduce the correlation between different parameters. Nonharmonic tensor elements smaller than 3σ were fixed to 0 in subsequent refinement cycles. The significance of the higher-order tensor elements was carefully checked as described in the literature. 12 All structure models were checked for twinning with TWINROT-MAT. The models were standardized with the program STRUCTURE TIDY. 33 Both programs are included in the PLATON 34 program suite. Structures were visualized by using the program Endeavor. 35 The joint-probability-density functions (j.p.d.f.) were visualized with Tecplot 360. 36 Ag 9 FeS 4.1 Te 1.9 −cP64. The structure of Ag 9 FeS 4.1 Te 1.9 at 200 K was solved straightforward in the acentric space group P2 1 3. A structure model with fully occupied sites for all atoms could be refined to acceptable reliability factors at a first stage. The refinement was then further improved by introduction of nonharmonic third order tensors for the displacement parameters of the silver atoms. A subsequent refinement of the tellurium site occupancies showed that the Te2 site 4d is not fully occupied. Contrary, the Te1 site 4a showed full occupation. Therefore a mixed occupation of the 4d site by sulfur and tellurium was introduced and restrained to full occupation. Thus, the refinement converged to a final R 1 = 1.55, wR 2 = 5.23, and a GoF = 1.07 for all 1804 unique reflections and 66 parameters. The refined formula is Ag 9 FeS 4.1 Te 1.9 .
Chemistry of Materials
Ag 9 FeS 4.1 Te 1.9 −cF64. The structure of Ag 9 FeS 4.1 Te 1.9 at ambient temperature was solved in the acentric space group F4̅ 3m. The refinement of the low temperature phase revealed clearly that one Te site shows a mixed occupancy by tellurium and sulfur and that the formula Ag 9 FeS 4.1 Te 1.9 is applicable. As a result of the fact that silver is completely ordered in Ag 9 FeS 4.1 Te 1.9 −cP64, it can be assumed that the site occupation factors (s.o.f.) refined for the low temperature modification are quite precise. Therefore, the s.o.f.'s for Te2/S3 were transferred from the low temperature structure to the room temperature model. Furthermore, electroneutrality was assured by introducing an appropriate equation for the s.o.f.'s of the disordered silver sites. The most reasonable model was obtained by refining three silver sites with fourth order nonharmonic tensors. The least-squares refinement for Ag 9.1 FeS 4.1 Te 1.9 finally converged to R 1 = 3.51% and wR 2 = 10.66% with 52 parameters for 303 unique reflections. This ratio of parameters to reflections is still acceptable in the case of such nonharmonic refinements, and this kind of refinement does not suffer from severe correlation effects as a conventional split model would do.
Crystallographic parameters for both modifications are provided in Table 1 , and positional parameters are listed in Tables 2 and 3 . Anisotropic and nonharmonic displacement parameters are provided as Supporting Information (Tables S5, S6 , S8, and S9) as well as selected bond lengths and angles (Tables S7 and S10) .
Impedance Measurements. Temperature dependent impedance measurements were performed with an IM6 impedance analyzer (Zahner Elektrik) in the frequency range from 1 MHz to 1 Hz and in the temperature range from 323 to 473 K. The amplitude was 10 mV. The finely ground samples were pressed into cylindrical pellets of 8 mm diameter and placed between two sets of electron blocking electrodes composed of Ag, a mixture of Ag and RbAg 4 I 5 , and pure RbAg 4 I 5 . The measurements were carried out in a homemade cell as described elsewhere. 37, 38 A weak stream of dry argon passed through the cell during the measurements. The measurements were carried out in steps of 10 K with annealing periods of 40 min to ensure equilibrating of the samples. The ionic conductivities were determined from Nyquist plots.
Magnetism. The magnetic measurements were carried out on a QUANTUM DESIGN Physical Property Measurement System (PPMS) using the VSM option. For VSM measurements 74.97 mg of the polycrystalline Ag 9 FeS 4.1 Te 1.9 sample were packed in a polypropylene capsule. The capsule was attached to a sample holder rod for measuring the magnetic properties in the temperature range of 3−300 K with magnetic flux densities up to 10 kOe.
Mossbauer Spectroscopy. A 57 Co/Rh source was available for the 57 Fe Mossbauer spectroscopy investigations. The Ag 9 FeS 4.1 Te 1.9 sample was placed in a thin-walled PVC container at an optimized thickness of about 0.9 mg Fe/cm 2 . The measurements were run in the usual transmission geometry at 298, 78, and 5 K. The source was kept at room temperature. The total counting times were 7 d for the 298 and 78 K and 15 d for the 5 K measurement.
■ RESULTS AND DISCUSSION Thermal Analyses. DTA measurements indicate congruent melting of the sample. The melting point is 911 K, and the crystallization point is 881 K. DSC measurements show a reversible phase transition at 232 K with an enthalpy of 7.9 kJ/ mol (first cooling cycle) (see Figure 2) .
Crystal Structure. Ag 9 FeS 4.1 Te 1.9 −cF64 crystallizes in the acentric cubic space group F4̅ 3m with a = 11.0415(7) Å which corresponds to the high temperature modification of the argyrodite structure type (Figure 3a) . This structure type is well established, and therefore only the major facts will be discussed herein. Tellurium Te1, site 4a, forms the motif of a cubic closest packing in which half of the tetrahedral holes is statistically occupied by tellurium and sulfur (Te2/S2, site 4d), respectively. However, this is just the motif of the packing and there are no bonding interactions present between the constituting atoms. Iron, Fe1, site 4b, occupies the second set of tetrahedral holes of this cubic closest packing, and it is coordinated by four sulfur atoms on site S1, 16e. The distances within this tetrahedron [FeS 4 ] are d(Fe−S) = 2.278(1) Å, and the angles ∠(S−Fe−S) are 109.47°due to the local symmetry.
In the title compound silver shows a strong nonharmonic behavior. It partially occupies one 24g site and two 48h sites. The displacement parameters for Te2 and for Fe1 are rather large. This effect is also observed in other argyrodite-type compounds like in γ-Ag 7 PSe 6 , 4 where phosphorus and selenium show large displacement parameters. The high displacement parameters of phosphorus and selenium are ascribed to the high ionic conductivity of that phase. On cooling the crystal to 200 K the compound fulfills a reversible phase transition and crystallizes in the acentric space group P2 1 3 with Z = 4 ( Figure  3 ). The anion substructure is similar to that of Ag 9.1 FeS 4.1 Te 1.9 −cF64, but the atoms are shifted from the ideal positions in comparison to the γ phase. Sulfur is located in two sites instead of one in this low temperature modification (S1, site 4a, and site S2, site 12b). Iron coordinates to both sites, forming a distorted tetrahedron. The distance Fe1−S1 is 2.2493(9) Å, and the distance Fe1−S2 is 2.287(1) Å. The angle S1−Fe1−S2 is 110.95°, and the angle S2−Fe1−S2 is 107.95°. Silver is mainly distributed over three 12b sites. The R-values drop significantly upon splitting these sites into two sites with distances of less than 0.3 Å. This illustrates the mobility of silver in this material, even at 200 K. The R-values of the anisotropic split model seemed good, but there were large correlations. Therefore, these silver sites were treated by a nonharmonic refinement with higher order tensors. Since the displacement parameters of Te2 were unreasonably large at this stage of the refinement a tellurium−sulfur mixed occupation of this site was introduced. The coordinates and ADPs for Te2 and S3 were constrained, and full site occupancy was maintained. At the final stage of the refinement all silver atoms are shifted out of the centers of the surrounding tetrahedra formed by sulfur and tellurium toward a trigonal planar coordination (Figure 4) . The results of the nonharmonic refinement are displayed in Figure  5 . It becomes obvious that silver occupies numerous sites which are connected by positions with a significant electron density.
Magnetic Properties of Ag 9 FeS 4.1 Te 1.9 . The temperature dependence of the magnetic and reciprocal magnetic susceptibility of Ag 9 FeS 4.1 Te 1.9 is displayed in Figure 6 . The inverse magnetic susceptibility (χ −1 data) displays a nearly linear dependence in the temperature range of 100−240 K which can be fitted using the Curie−Weiss law. This results in an effective magnetic moment of μ eff = 5.80(1) μ B /Fe atom and a Weiss constant of θ p = −301(1) K. The effective magnetic moment is close to the expected value of 5.92 μ B for a spin-only high-spin system with S = 5/2 (Fe(III)). This also supports the Mossbauer spectroscopic measurements, showing that the iron atoms are indeed in a stable trivalent state. The high negative value of θ p suggests strong antiferromagnetic interactions in the paramagnetic range. Due to these strong interactions the onset Figure 7 together with transmission integral fits. The corresponding fitting parameters are listed in Table 4 . The room temperature spectrum was well reproduced with a single signal, subjected to weak quadrupole splitting of ΔE Q = 0.09(2) mm/s. The isomer shift of δ = 0.11(1) mm/s is clearly indicative of Fe(III). In agreement with the anomaly observed in the susceptibility data and the structural phase transition we observe a change in the shape of the 57 Fe spectrum. Due to the lowering of the iron site symmetry from the high-temperature (F4̅ 3m) to the low-temperature phase (P2 1 3), the electron density around the iron nuclei becomes less symmetric and consequently the electric quadrupole splitting parameter increases to 0.50(1) mm/s.
The magnetic ordering is manifested in the 5 K spectrum. We observe the typical hyperfine field splitting of iron with a hyperfine field of 35.7 T at the iron nuclei. Such high magnetic hyperfine fields are typically observed in iron sulfides in the magnetically ordered state, e.g., Fe 0.92 S. 39 Ionic Conductivity. Electron blocking electrodes were used in order to measure the pure ionic conductivity of the samples. The Nyquist plot shows the typical characteristics of an ionic conductor. At lower temperatures impedance spectra show a semicircle with a spike at low frequencies. Conductivities were derived from Z Real values at the local minimum of the impedance spectra. At higher temperatures the curve progression becomes more and more linear. Above 423 K it is no longer possible to distinguish between semicircle and spike, due to an enhanced ionic conductivity. Sample geometry and the experimental density of the pellets were taken into account when calculating the conductivities. The ionic conductivities determined from the heating cycle are σ = 1.81 × 10 −2 S cm −1 at 323 K and σ = 1.41 × 10 −1 S cm −1 at 468 K. The Arrhenius plot is shown in Figure 8 . An activation energy of E A = 0.19 eV was determined in the temperature range from 323 to 423 K. At higher temperatures E A drops to even smaller values. This might be due to a change in the occupation of the different silver sites. However, high temperature diffraction experiments are necessary to get further insight in this change of the ionic conductivity.
■ CONCLUSION
The compound Ag 9.1 FeS 4.1 Te 1.9 is the first iron containing member of the argyrodite family. Like many other aryrodites it fulfills a reversible phase transition at low temperatures. The RT and LT structures were determined by single crystal X-ray crystallography. A nonharmonic approach was used to describe the delocalization of silver in both modifications. Silver becomes more and more localized combined with a decreasing coordination number upon cooling the samples. Crystallographic observations are confirmed by Mossbauer spectroscopy. Measurements of magnetic susceptibility show that the compound is paramagnetic. 
